However, reticulocyte haemglobin may not change as predicted during treatment with erythropoietin and Background. In patients on chronic haemodialysis, because of a non-specific increase in serum ferritin, iron, when the percentage of hypochromic red cells may provide a truer picture of functional iron status. iron deficiency may be overlooked leading to failure of erythropoietin treatment. A reticulocyte haemglobin content <26 pg and a percentage of hypochromic red Key words: erythropoietin; haemodialysis; hypochromic red cell; iron; reticulocyte cells >2.5 have been proposed as markers of irondeficient erythropoiesis in such subjects, but it is unclear which parameter is superior. Methods. We measured haematocrit, reticulocyte
Introduction
haemglobin content, ferritin and the percentage of hypochromic red cells over 10-150 days in 36 chronic haemodialysis patients in a university hospital. Anaemia is one of the major sources of morbidity in Transferrin saturation was also measured in a subset patients undergoing haemodialysis for terminal renal of 25 patients; iron deficiency was defined as a transfer-failure. In most cases, this anaemia responds rapidly rin saturation <15%.
to treatment with recombinant human erythropoietin Results. The diagnostic sensitivity and specificity of a (rhEpo) [1] . During the correction phase, haematocrit reticulocyte haemoglobin content <26 pg in detecting may rise by 1-2% per week [2] . However, erythropoiron deficiency were 100% and 73% respectively, com-ietic activity can only be maintained if sufficient pared with 91% and 54% for a percentage of hypo-amounts of iron are delivered to the bone marrow. chromic red cells >2.5. Paradoxical reticulocyte Lack of iron is a common reason for failure of erythrohaemglobin concentrations occurred on follow-up in poietin therapy in dialysis patients. Early detection five patients receiving 4000 U erythropoietin per and correction of iron deficiency not only reduces haemodialysis (HD). In three patients, reticulocyte morbidity, but also allows more rational use of erythrohaemglobin content exceeded 26 pg despite a persistent poietin, thus reducing the cost of this expensive lack of iron. In a fourth, iron gluconate (62.5 mg treatment. i.v./HD) increased transferrin saturation to 27% and
The serum ferritin level reflects iron stores; at a reduced the percentage of hypochromic red cells from concentration of 100 mg/l, approximately 750 mg ofrenal failure of unknown origin (five cases). Further clinical rhEpo treatment, resulting in a functional iron defidetails of the patients are shown in Table 1. ciency [6, 7] .
Blood samples were withdrawn from the arterial needle Several difficulties surround the interpretation of prior to haemodialysis, and all assays were performed the ferritin and transferrin saturation, the biochemical same day, usually within 3 h. Reticulocyte indices, reticuloparameters generally used to assess iron metabolism cyte counts, percentage of hypochromic red cells and stand- [3, 8] . Because of these difficulties, efforts have been ard haematology parameters were measured using the made to develop more reliable means of assessing iron Technicon H*3 haematology analyser (Bayer Diagnostics, status, such as measurement of zinc protoporphyrin Tarrytown, NY, USA). Mean reticulocyte haemglobin conand transferrin receptor levels [9] . However, the ideal tent (CHr) was measured as described previously [15] . Briefly, reticulocytes were identified by staining of reticulocyte RNA test would be one which measures the functional with the fluorescent dye oxazole orange and measurement of availability of iron at the point of haemglobin synthesis cell adsorption by flow cytometry. In analogy to the calculain the red cell and its precursors.
tion of the haemoglobin content of mature red cells, the CHr
In recent years, this has become possible with is calculated as the product of the mean cellular volume the development of flow-cell-activated haemanalysers of the reticulocyte (MCVr) as measured by narrow-angle which allow the automated measurement of the dispersion and the reticulocyte haemoglobin concentration haemglobin content of circulating reticulocytes, the (CHCMr) as measured by wide-angle dispersion. Serum first circulating form of red cells, which exist in ferritin and transferrin were measured by turbimetry, and the circulation for only 1-2 days [10] [11] [12] . Recent serum iron was analysed photometrically with ferrozin as a studies have indicated the usefulness of this parameter chromogen, using a Hitachi 917 autoanalyser (Boehringer, Mannheim, Germany). In 11 patients, measurements of in non-uraemic patients [13] and in patients undergoing transferrin saturation during the study period were not chronic haemodialysis [14] .
available. In the remaining 25 patients, transferrin saturation A further parameter to show promise in the assessment of functional iron status is the measurement of start of the study. The commonest causes of end-stage renal disease ( ESRD) were diabetic nephropathy and chronic glomerulonephritis (nine cases each), followed by terminal *n=24.
Red-cell parameters in haemodialysis 661 was calculated before two consecutive dialysis sessions as follows: transferrin saturation in %=serum Fe in mg/dl/serum transferrin in mg/dl×70.9. The mean of the two measurements of transferrin saturation was used for classification purposes. Duplicate measurements of transferrin saturation in all patients agreed with each other to within 10%. Red-cell folate and serum B12 were measured by radioimmunoassay. Serum aluminium was determined by atomic absorption spectroscopy. Iron was substituted intravenously in the form of iron (III ) sodium gluconate complex (FerrelecitA, A. Nattermann, Cologne, Germany) and erythropoietin was administered intravenously in the form of recombinant human epoietin alpha ( ErypoA, JanssenCilag, Neuss, Germany).
Statistics
Analyses were by means of linear regression and Student's 
Results
has been proposed to be a definite marker of functional iron deficiency [14] . However, three of the 11 patients with transferrin saturation <15% displayed a CHr Baseline values >26 pg. By contrast, none of the 14 patients with a Among the 36 patients studied, CHr values were transferrin saturation at baseline of >15% had a CHr distributed approximately normally ( Figure 1) . The of <26 pg ( Figure 3 ). Thus for a CHr of <26 pg, our mean mature red-cell haemglobin content (CH ) at data yielded a diagnostic sensitivity of 73%, a diabaseline was 28.5±2.5 pg and was significantly greater gnostic specificity of 100%, a positive predictive value than the baseline CHr of 26.6±2.8 pg (P=0.004). CH of 100% and a negative predictive value of 81% in and CHr were closely correlated (Figure 2, r2=0 .63, diagnosing iron-deficient erythropoiesis.
P<0.0001). Under normal circumstances, CHr exceeds
Under normal circumstances, the percentage of circu-CH; however this was the case at baseline in only two lating red cells with a haemglobin concentration of of the 36 patients studied. It has been suggested that <28 g/dl (hypochromic red cells) does not exceed 2.5.
Values greater than this are thought to indicate ironthis inverted ratio may suggest the recent development deficient erythropoiesis [2] . The mean percentage of of iron deficiency [14] .
hypochromic red cells at baseline in the present study In the 25 patients in whom the measurement was was 10.4±10.7, and was significantly higher in those available, the serum transferrin saturation at baseline patients with a baseline transferrin saturation of <15% was in the low-normal range at 19.5±12.7% overall, than in those with a transferrin saturation >15% being less than 15% (which we defined as indicating (17.7±12.9% vs 5.6±7.1%, P=0.01), consistent with a definite iron deficiency) in 44% of the patients tested greater degree of iron deficiency in those patients with ( Table 2) . The CHr of patients with a transferrin transferrin saturations of below 15%. While only one saturation <15% was significantly lower than that of patient with a transferrin saturation of <15% had less than 2.5% hypochromic erythrocytes, seven (54%) of those with a transferrin saturation of greater than 15% did so (Figure 3 ). Thus, in our patients, a percentage of hypochromic red cells >2.5% had a sensitivity in detecting iron deficiency of 91% with a specificity of 54%, a positive predictive value of 63% and a negative predictive value of 88%. Using less restrictive cut-offs of 5% and 10% hypochromic red cells improved, as expected, diagnostic specificity, but reduced diagnostic sensitivity to 64% (Table 3 ). The percentage of hypochromic red cells also showed a significant negative correlation with the CHr (Figure 4 ).
Patient follow-up and response to iron and erythropoietin treatment
In 16 patients, the response of iron and haematology parameters to the administration of iron and recombin- uration >15% (n=6), CHr was >26 pg and hypochromic red cells were <2.5%, whereas the CHr was <26 pg and hypochromic red cells were >2.5% in those with a transferrin saturation <15% (n=5, data not shown).
In the five remaining patients, however, the CHr changed in a paradoxical fashion in response to treatment with rhEpo alone or with iron gluconate ( Figures 5-7) .
In patient JM, iron administration increased the transferrin saturation from 8.9% on day 10 to 19.6% on day 20 ( Figure 5 ). The CHr, however, increased only slightly during this period from 23.1 to 25.3 pg, despite a large fall in the percentage of hypochromic red cells from 40.8 to 4.7 and a rise in haematocrit from 22.3% to 33%. In patient HK, iron substitution increased transferrin saturation from 14.9% on day 14 to a maximum of 28.3% on day 37 ( Figure 5 ). Whereas this was accompanied by a fall in the percentage of hypochromic red cells from 10 to 1.6, and by a slower rise in haematocrit from 30.6% to a maximum of 35.6%, there was virtually no change in the CHr, which remained between 30 pg and 32 pg during this period. In both patients, CH values were greater than, and ran parallel to, the CHr values (not shown in figures for reasons of legibility).
In two patients with transferrin saturations below 15%, (RH and BK, Figure 6 ), erythropoietin was administered in the absence of iron. In patient RH, this led to an increase in the percentage of hypochromic red cells from 9.1 to 14.5 with fluctuation of the haematocrit around a mean of 31% and a slight fall However, there was little change in the CHr which varied between 25.2 and 27.9%, falling to 24.2% only on the last day of the observation period. In patient ant erythropoietin or erythropoietin alone was BK, erythropoietin therapy was accompanied by a monitored.
transient rise in the percentage of hypochromic red In 11 patients both the iron and haematology paracells (from 7.0 to 12.6) and a drop in transferrin meters remained stable during the observation period. saturation, with a small rise in haematocrit from 27.4% Furthermore, in this group both the CHr and percentto 28.8% but virtually no change in CHr, which age of hypochromic red cells corresponded with the transferrin saturation; in those with a transferrin sat-fluctuated closely around a mean of 29 pg. In a further iron-deficient patient who received erythropoietin, the transferrin saturation remained below 15% despite iron administration (MH, Figure 7 ). Iron substitution was nevertheless accompanied by a rise in haematocrit and in the percentage of hypochromic red cells. Surprisingly, however, the CHr also increased from 24% to 29% during this period, while the CH remained between 24 pg and 25 pg throughout (not shown in figure for reasons of legibility).
Serum B12, red cell folate and aluminium levels were normal in all subjects.
Discussion
In a recent study by Fishbane et al. [14] , a baseline CHr of >26 pg was found to be the most reliable indicator of iron-deficient erythropoiesis and to be superior to serum ferritin, transferrin saturation and percentage of hypochromic red cells in the assessment the infusion of 1 g of intravenous iron dextran. In Fig. 7 . Haematocrit, reticulocyte haemglobin content (CHr), transferrin saturation and percentage of hypochromic red cells in relation to iron and erythropoietin administration in an iron-deficient (transferrin saturation <15%) patient on chronic haemodialysis (HD). MH: 67-year-old female with chronic glomerulonephritis.
indicating a greater degree of iron deficiency than among the subjects studied by Fishbane et al. [14] . This is also reflected in the inversion of the normal relationship in which CHr is greater than CH; in our subjects, both baseline CHr (26.6±2.8 pg) and CHr during follow-up were almost always less than baseline CH (28.5±2.5 pg) or CH during follow-up, a feature which may indicate iron-deficient erythropoiesis [14] . In agreement with Fishbane et al. [14] , our data indicate that CHr is superior to the percentage of hypochromic red cells in diagnosing functional iron deficiency, irrespective of the cut-off used to determine excess hypochromic red cells (Table 3) .
The CHr has been considered an ideal marker of In contrast to the bolus application of 1 g iron dextran used by Fishbane et al. [14] , our patients received 62.5 mg iron (III ) sodium gluconate at each Europe, the administration of such large doses of intravenous iron is unusual (in fact, this application dialysis. This dose was insufficient to correct iron deficiency in all cases. form is not even available), and we therefore defined iron deficiency as a transferrin saturation of <15%.
In two patients, iron substitution restored the transferrin saturation to normal ( Figure 5 ). However, in We are aware that, owing to biological variation caused by fluctuations in serum iron, our definition is less both cases, while the percentage of hypochromic red cells fell markedly, there was very little change in the robust than Fishbane et al.'s and it is not therefore possible to directly compare our definition of iron reticulocyte haemglobin. Twice-daily measurements of reticulocyte haemglobin content performed following deficient erythropoiesis with theirs. Nevertheless, since a transferrin saturation of <20% has been shown to the onset of iron substitution in patient JM also showed no change (data not shown), making it unlikely that have a diagnostic sensitivity of >80% and a diagnostic specificity of >60% in the diagnosis of iron-deficient changes occurring between dialyses were overlooked.
In JM, the fact that the CHr remained below 26 pg erythropoiesis [14, 16 ] , our more stringent cut-off for transferrin saturation of 15% is likely to be quite a may reflect a residual functional iron deficit despite the presence of a transferrin saturation of 30%. Such specific marker of iron deficiency.
The mean CHr has been found to be 28.6±1.6 pg a residual iron deficit would also explain the failure of the hypochromic red cells to drop below 5% and of in healthy persons [15] and 27.5±2.8 pg among a population maintained on long-term haemodialysis the haematocrit to exceed 34%. In HK, the CHr was higher than expected, being in the high-normal range [14] . In our patients, the mean CHr was 26.6±2.8 pg,
